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The recent observation of replica bands in single-layer FeSe/SrTiO3 by angle-resolved photoemis-
sion spectroscopy (ARPES) has triggered intense discussions concerning the potential influence of
the FeSe electrons coupling with substrate phonons on the superconducting transition temperature.
Here we provide strong evidence that the replica bands observed in the single-layer FeSe/SrTiO3 sys-
tem and several other cases are largely due to the energy loss processes of the escaping photoelectron,
resulted from the well-known strong coupling of external propagating electrons to Fuchs-Kliewer
(F-K) surface phonons in ionic materials in general. The photoelectron energy loss in ARPES on
single-layer FeSe/SrTiO3 is calculated using the demonstrated successful semi-classical dielectric
theory in describing low energy electron energy loss spectroscopy of ionic insulators. Our result
shows that the observed replica bands are mostly a result of extrinsic photoelectron energy loss and
not a result of the electron phonon interaction of the Fe d electrons with the substrate phonons. The
strong enhancement of the superconducting transition temperature in these monolayers remains an
open question.
The discovery of enhanced superconductivity with
transition temperatures (TC) up to ∼65 K in the single-
layer FeSe/SrTiO3 [1, 2] has drawn intense discussion
in the condensed-matter community regarding the origin
of the TC enhancement. The cross-interface electron-
phonon coupling is widely regarded to play an impor-
tant role in this [3, 4] and the acclaimed strongest evi-
dence is the observation of “shake-off” replica bands by
angle-resolved photoemission spectroscopy (ARPES) at
an energy of 90-100 meV [5] in the range of a strong op-
tical phonon in the SrTiO3 (STO) substrate. It is indeed
tempting to attribute the replica bands to the coupling
of FeSe electrons with STO optical phonons [3–6]; how-
ever, theoretical estimates of the strength of this coupling
and contribution to TC find this to be at most a small
contribution [7–11]. In subsequent experiments, similar
replica bands and enhanced superconductivity properties
were observed on single-layer FeSe films grown on differ-
ent substrates such as BaTiO3(001) [12], STO(110) [13]
and rutile TiO2(100) [14]. This seems to suggest a com-
monality and an intrinsic nature of the replica bands.
However, to get narrow replica bands tracing closely the
dispersion of main bands crossing the Fermi energy rather
than broad “shake-off” features or kinks, one has to re-
quire the coupling to be strongly peaked at q‖ = 0. Argu-
ments for this strong peakedness were given in references
[5, 7, 8]. We will show that the surface Fuchs-Kliewer (F-
K) phonon [15–17] coupling to the escaping photoelectron
is naturally strongly peaked at q‖ = 0 and in comparison
to electron energy loss spectroscopy we provide direct ev-
idence that the replica bands are a consequence of energy
loss processes of the escaping photoelectron. Our conclu-
sions are of general importance in the interpretation of
self energies in ARPES measurements in insulators or low
carrier density metals.
Enlightening in the search for an explanation of the
replica bands in ARPES is that replica bands at the same
“shake-off” energy are observed also in bare STO sur-
faces exhibiting a two-dimensional electron gas (2DEG)
in ARPES [13, 18, 19]. Even more enlightening is the re-
cent report by Zhang et al [20] of strong energy loss fea-
tures in high-resolution electron energy loss spectroscopy
(HREELS) at the same energies as the replica bands on a
single-layer FeSe/STO(001) surface as well as on the bare
STO surface. The HREELS results as we will show can
be accurately described by semi-classical dielectric the-
ory without adjustable parameters. This provides strong
evidence that these loss features are due to the strong
coupling of the electron approaching and then reflecting
from the surface, with the deeply penetrating F-K surface
phonon modes [15, 17]. The F-K phonons with q‖ = 0
involve modes of the positive and negative ions opposite
motion perpendicular to the surface extending deep into
the bulk of ionic material [15–17, 21–25]. This produces
a large oscillating potential extending far outside the sur-
face. These couple strongly with electrons moving with a
component perpendicular to the surface resulting in the
energy loss but little parallel momentum loss [26].
ARPES is one of the most direct and widely-used
methods to study the energy and momentum dispersion
relation and especially also the so-called real and imag-
inary parts of the self-energy resulting from the interac-
tion of the electrons with each other and with bosonic
degrees of freedom involving excitations like magnons,
excitons and phonons [27]. Photoemission, however, is a
two-particle excitation involving the photoinduced hole
and the photoelectron [Fig. 1(a)] and even if the electron-
hole interaction is small the two particles each carry a
self-energy due to the interaction with the rest of the sys-
tem. Mostly we assume, and rightly so, that if the energy
2of the photoelectron is very high, i.e., high photon en-
ergy, the interaction with the photoinduced hole can be
neglected (the so-called “sudden approximation”). We
also mostly assume that the interaction of the escaping
photoelectron with the sample can be neglected. In this
case the spectra obtained will provide direct information
concerning the self-energy of the photoexcited hole. How-
ever, in the case of ionic materials with F-K phonons the
huge oscillating long-range external potentials above the
surface [17, 28] can interact strongly with the photoelec-
tron after it escapes from the sample and travels to the
analyzer.
The strong interaction of externally moving electrons
have been very clearly demonstrated by the HREELS ex-
periments on ionic material surfaces for example on ZnO
surface by Ibach [16]. The energy loss peak height some-
times can be even 50% of the zero-loss peak height when
using incident energies in the same range as often occurs
in the kinetic energy of emitted electrons in ARPES. In
this case, the collected ARPES spectrum must be cor-
rected for the energy loss processes of the emitted pho-
toelectron. However, to our knowledge, this information
from HREELS has not been considered and used to cor-
rect ARPES spectra generally.
In this Letter, we study the photoelectron energy loss
process on the single-layer FeSe/STO(001) system due
to photoelectrons interacting with the F-K phonons of
STO substrate. We use the well-developed semi-classical
dielectric theory to describe HREELS on the STO sur-
face which depends only on the optical constants of the
material and the electron kinetic energy and propagation
direction, and also describe the energy loss processes of
the emitted photoelectron electron in ARPES. The op-
tical constants are available from infrared optical spec-
troscopy studies of STO [29, 30].
ARPES involves a photon-in-electron-out process
FIG. 1. A comparison of the angular resolved photoemission
(top) and high resolution specular reflection electron energy
loss spectroscopy processes (bottom).
[Fig. 1, top] and most experiments are conducted with
less than 100 eV photon energy or photoelectron kinetic
energy about the work function lower than the pho-
ton energy when looking at states close to the chemi-
cal potential in metals [27]. For low energy losses as for
phonons of less than 100 meV, the trajectory of the emit-
ted photoelectron hardly changes. HREELS involves an
electron-in-electron-out process [Fig. 1, bottom] with the
monochromatized incident electron energy usually less
than 100 eV [17]. Since in specular reflection the to-
tal path of the electron in HREELS is twice as long as
in ARPES and realizing that interference terms between
the loss processes for the incident and reflected electrons
are small except for grazing incidence [28], we can safely
approximate the intensity of the loss in ARPES to be 12
of that in HREELS for the same kinetic energy and same
trajectories. This is the main concept we use in what
follows.
The F-K surface optical phonon modes was first pre-
dicted by Fuchs and Kliewer [15] to be present in ionic
crystal slabs and somewhat later was detected by H.
Ibach on ZnO in a HREELS study [16]. In HREELS,
the impinging electron generating a time variable electric
field normal to the surface direction can interact strongly
with the long-wavelength surface optical phonon [17, 28].
As shown in Fig. 2(a), the vibrating cation and anion
with q‖ = 0 generate an oscillating potential in the vac-
uum which for an infinitely extending surface is indepen-
dent of the distance from the surface like the static case
of a polar terminated ionic crystal (i.e., the “polar catas-
trophe”). The magnitude of the oscillating potential out-
side the surface is proportional to the penetration depth
of the ionic displacements into the bulk of the crystal
which decays exponentially with q‖ [17, 26, 31]. There-
fore the q‖ = 0 mode is by far the strongest. The huge
long-range dynamic potential results in the very large
inelastic-scattering probability in the close to specular re-
flection direction in HREELS [16, 17, 21–25] . Since the
incident electron energy is much larger than the optical
phonon energy, i.e., “fast” incoming electrons, classical
electromagnetic theory describes the energy loss process
accurately resulting in the single-loss probability at zero
temperature given by [17, 32]
P (w) =
2
a0ki cos θi
1
w
Im(
−1
ǫb(w) + 1
) (1)
where a0 is the Bohr radius, ki and θi are the wavevector
and incident angle of the incoming electron relative to the
perpendicular surface direction, respectively, and ǫb(w)
is the frequency dependent bulk dielectric function. For
an isotropic material with n infrared-active transverse
optical phonons, the dielectric function in the Lorentz
model is given by [17]
ǫb(w) = ǫ(∞) +
n∑
k=1
Qkw
2
TO,k
w2TO,k − w
2
− iγkw
(2)
3where ǫ(∞) is the high-frequency dielectric constant,
wTO,k the infrared-active transverse-optical phonon fre-
quency, Qk the oscillator strength and γk the damping
frequency. These crystal properties can be obtained di-
rectly from the infrared optical experiments. In the case
of only one oscillator, Re(ǫ) = −1 in Eq. (2) determines
the F-K phonon energy at wFK = wTO
√
ǫ(0)+1
ǫ(∞)+1 where
ǫ(0) is the static dielectric constant [17]. The F-K phonon
energy lies between the transverse and longitudinal op-
tical phonon frequencies using the Lyddane-Sachs-Teller
relation wLO
wTO
=
√
ǫ(0)
ǫ(∞) . For large inelastic-scattering
probabilities, perturbation theory breaks down and the
quantum-mechanical harmonic oscillator introduced by
Lucas and Sunjic [28, 33, 34] describes the amplitude
of the multiple scatterings exhibiting a Poisson intensity
distribution in the ideal case of a sole, undamped excita-
tion at zero temperature.
The semi-classical dielectric theory was justified by
Evans and Mills [26, 31] using the completely quantum
mechanical method and HREELS spectra simulated with
the semi-classical dielectric theory including the Poisson
distribution are in very good agreement with experiments
for many ionic material surfaces [21–23, 33, 35] and in the
following we will use this theory to simulate the energy
loss process in the HREELS and ARPES experiment.
Figure 2(b) shows very intense energy-loss peaks in the
HREELS measured on the STO(001) surface at 470 K
by Conard et al. [25]. The two strongest energy-loss
peaks are at ∼59 meV (wFK1) and ∼92 meV (wFK2)
with multiple-phonon scatterings at ∼118 meV (2wFK1),
∼149 meV (wFK1+wFK2) and ∼184 meV (2wFK2). The
energy gain peaks on the left of zero energy loss is due to
the interactions with the thermal excited phonon i.e., the
“anti-Stokes peak”. The STO dielectric function given
by Eq. (2) can be approximated using ǫ(∞) = 5.5 and
the oscillator parameters directly obtained from the in-
frared optical experiment [36]–at 470 K, three infrared-
active transverse optical phonons including the soft mode
TO1 at ∼14 meV (Ti-O-Ti bending), TO2 at ∼22 meV
(Sr ion moving against the TiO6 octahedra) and TO4 at
∼67 meV (the Ti-O stretching) [29, 37, 38]. At low tem-
perature, a weak infrared-active mode due to the rotation
of the neighboring oxygen octahedral is included [30]. As
shown in Fig. 2(b), the simulated HREELS spectrum us-
ing the semi-classical dielectric theory exhibits very good
agreement with experiment in both energy gain and loss
side including also the relative intensities. We note that
the inelastic scattering on STO surface is dominated by
the soft mode [25]. At low temperature, it is well known
that the TO1 mode in STO becomes soft dramatically
with a very large STO static dielectric constant but in-
terestingly the calculated [Fig. 2(b)] and experimental
HREELS at low temperature [20] changes little from the
470 K data aside from the gain peaks. The reason for
this small change despite the large change in the static
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FIG. 2. (a) A snapshot of the instantaneous position of cation
and anion displacements for the long-wavelength surface op-
tical phonon in a cut out side view of a (001) terminated
rocksalt structure slab. The solid lines show the equilibrium
positions of the ions. Here the anions are assumed to be much
lighter than the cations. (b) The experimental (at 470 K) [25]
and simulated HREELS (at 470 K and 15 K) of STO(001) ter-
minated crystal with 6.0 eV incoming electron and incident
angle θ = 45o.The inset illustrates the polar displacement in
STO.
dielectric constant is that with variable temperatures the
soft mode keeps an almost constant Qw2TO[39, 40] which
determines the F-K phonon energy and intensity [36].
In the following, photoelectron energy losses in ARPES
on the single-layer FeSe/STO(001) system will be stud-
ied. We consider the high resolution very clear experi-
mental data of the Stanford group on a well characterized
single-layer FeSe film grown on a 0.05 wt% Nb-doped
STO substrate [5]. The Nb doping that is needed to
prevent any charging effects in ARPES also results in a
low-density electron gas in the STO which will result in
some screening of the F-K phonon modes which will tend
to decrease the experimental replica features relative to
theory done for the insulating case. Free electrons in the
substrate can couple with the F-K phonon and result in
a shift and lower intensity [17, 35, 36]. However, the ef-
fect of charge carriers in the Nb doped STO substrate
and FeSe film is expected to be very small given the low
Nb doping concentration and the two-dimensionality of
the FeSe based electron gas. For a further discussion
of the dependence on the electron density we refer to
Section 3 & 4 in the supplementary material [36]. The
ARPES experiment is performed at 20 K using 24 eV
photons [5] and a kinetic energy of the photoelectron
around ∼19.5 eV. Replica bands around the M point of
the 2 Fe per unit cell Brillouin zone are measured with
the analyzer angle θ ≈ 31o relative to the perpendicular
to surface.
FeSe monolayers on STO(001) exhibit two bands la-
beled A and B and this results in two sets of replica struc-
tures. In Fig. 3(a), we display the calculated ARPES
spectra using the optical parameters of STO at 15 K [30]
and using the same theory as that used for the HREELS
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FIG. 3. (a) The theoretical photoelectron energy loss result-
ing from band A [top, EELS(A)] and B [middle, EELS(B)]
at the M point compared with the experimental ARPES re-
sult [5, 36]. The simulated spectra were shifted to match the
primary A and B bands in experiment. Bottom is the com-
parison with the experimental curve. (b) The simulated total
momentum dependent ARPES spectra including the princi-
ple and two replica bands [36]. The intensities calculated for
the M point were assumed to be wavevector independent be-
cause of the small spread in the ±0.2 A˚−1 momentum range
covered. (c) The experimental ARPES result around the M
point [5].
spectra but reducing the loss features by a factor of 2 and
modified for the somewhat different kinetic energies and
angles according to energy loss theory described above.
Strong “shake-off” peaks at ∼90 meV in Fig. 3(a) are ob-
served in both the A and B bands due to the STO F-K
phonon at ∼90 meV. The energy loss simulation for the
A band has, in addition, a small peak with “shake-off”
energy ∼60 meV corresponding to the STO ∼60 meV
F-K phonon. As shown in the bottom of Fig. 3(a), the
summation of A and B results in very good agreement
with the energy distribution curve from experiment. The
energy loss parts of the A and B bands [Fig. 3(b)] repro-
duce all the replica features observed experimentally in
the reproduced data of reference [5] in Fig. 3(c). The
C band observed in experiment is also generated in the
simulation and is due to the ∼60 meV energy loss peak
from the A band as mentioned above. The reproduc-
tion of the experiment with the semi-classical dielectric
theory in HREELS and all parameters coming from opti-
cal experiments without any fitting parameter, provides
very strong evidence that the replica band can be well
described by photoelectron energy loss processes due to
the excitation of F-K phonon in the STO substrate. This
can also explain the replica on the FeSe/BaTiO3 [12] and
FeSe/TiO2 [14] system, on which the strong electron en-
ergy loss peak at ∼90 meV is observed in experimental
HREELS and our simulation [23, 36, 41, 42].
The probability of generating excitations in the en-
ergy loss process depends on measurement geometry and
photoelectron velocity. As shown in Eq. (1), it is in-
versely proportional to the electron momentum perpen-
dicular to the surface, i.e., k cos(θ). Although this rela-
tion is not valid for close to grazing incidence because of
the strong influence from the image charge potential and
the interference of the incoming and outgoing electron in
HREELS, and also invalid for slow electrons which are
affected by the recoil effect [28], the theory can be fur-
ther tested with a photon energy and Brillouin zone de-
pendent study staying within the limits of photoelectron
energy > 10 eV and emission angle < 60o [36].
The energy loss processes of escaping electrons may
also be the explanation for a number of replica bands
or “peak-dip-hump” structures observed in thin metal-
lic capping layer on an ionic substrate such as STO
[5, 13, 18, 19], TiO2 [14, 43] and ZnO [44]. When the
free electron density is low or highly-confined at the sur-
face, the screening effect of the free electrons is weak and
in ARPES replica bands are clearly visible [36]. When
the free electron density is high and spatially distributed
deeply, it exhibits a very low and broad peak due to
strong screening by free electrons [17, 35, 36]. The replica
intensity is indeed observed in recent experiments to have
a strong dependence on the free electron density on the
STO surface [13, 19].
In conclusion, we have provided strong evidence that
the replica bands recently observed for the single-layer
FeSe/STO system are largely due to the extrinsic pho-
toelectron energy losses by exciting STO F-K surface
phonons. This explains the observed replica structure in
detail without the need of any additional electron-phonon
coupling due to the FeSe electrons interacting with sub-
strate phonons. This does not necessarily eliminate the
importance of electron phonon coupling of the d electrons
in FeSe to the substrate phonons which, in principle, if
strong could lead to small polaron formation; but, to do
this one would need a very large q range in the coupling
as in the Holstein model and this would result in kinks or
very broad continuumlike shake up structure in ARPES.
In addition, our studies strongly suggest that corrections
must be introduced when analyzing photoemission spec-
troscopy on ionic material surfaces. Complementing the
ARPES with HREELS studies on the same systems can
provide the information needed to correct for this.
Note added: In a recent paper [45], the oxygen isotope
effect on the replica energy in ARPES and HREELS has
been reported. Our energy loss calculation actually can
reproduce the isotope effect [36]. Based on our analysis,
the replica intensity does not have a direct relationship
with superconductivity in this system. If the linear de-
pendence of the superconducting gap on replica intensity
is confirmed, other potential interactions or changes in
structure at the interface as a function of annealing con-
ditions which influence both the superconducting gap and
the F-K phonon loss intensity would, in our view, have
to be looked for in detail.
This work was supported by Natural Sciences and En-
5gineering Research Council of Canada, CIfAR, and the
Max Planck-UBC-UTokyo Centre for Quantum Materi-
als.
[1] Q. Wang, Z. Li, W. Zhang, Z. Zhang, J. Zhang, W. Li,
H. Ding, Y. Ou, P. Deng, K. Chang, J. Wen, C. Song,
K. He, J. Jia, S. Ji, Y. Wang, L. Wang, X. Chen, X. Ma,
and Q. Xue, Chin. Phys. Lett. 29, 037402 (2012).
[2] S. He, J. He, W. Zhang, L. Zhao, D. Liu, X. Liu, D. Mou,
Y.-B. Ou, Q.-Y. Wang, Z. Li, L. Wang, Y. Peng, Y. Liu,
C. Chen, L. Yu, G. Liu, X. Dong, J. Zhang, C. Chen,
Z. Xu, X. Chen, X. Ma, Q. Xue, and X. Zhou, Nat.
Mater. 12, 605 (2013).
[3] L. Wang, X. Ma, and Q. Xue, Supercond. Sci. Technol.
29, 123001 (2016).
[4] D. Huang and J. Hoffman, Annu. Rev. Condens. Matter
Phys. 8, 311 (2017).
[5] J. Lee, F. Schmitt, R. Moore, S. Johnston, Y.-T. Cui,
W. Li, M. Yi, Z. Liu, M. Hashimoto, Y. Zhang, D. Lu,
T. Devereaux, D.-H. Lee, and Z.-X. Shen, Nature 515,
245 (2014).
[6] D.-H. Lee, Chin. Phys. B 24, 117405 (2015).
[7] L. Rademaker, Y. Wang, T. Berlijn, and S. Johnston,
New J. Phys. 18, 022001 (2016).
[8] Y. Wang, K. Nakatsukasa, L. Rademaker, T. Berlijn, and
S. Johnston, Supercond. Sci. Technol. 29, 054009 (2016).
[9] Y. Wang, A. Linscheid, T. Berlijn, and S. Johnston,
Phys. Rev. B 93, 134513 (2016).
[10] Y. Zhou and A. J. Millis,
Phys. Rev. B 96, 054516 (2017).
[11] L. P. Gor’kov, Phys. Rev. B 93, 060507 (2016).
[12] R. Peng, H. Xu, S. Tan, H. Cao, M. Xia, X. Shen,
Z. Huang, C. Wen, Q. Song, T. Zhang, et al., Nat. Com-
mun. 5, 5044 (2014).
[13] C. Zhang, Z. Liu, Z. Chen, Y. Xie, R. He, S. Tang,
J. He, W. Li, T. Jia, S. N. Rebec, E. Y. Ma, H. Yan,
M. Hashimoto, D. Lu, S.-K. Mo, Y. Hikita, R. G. Moore,
H. Y. Hwang, D.-H. Lee, and Z. Shen, Nat. Commun.
8, 14468 (2017).
[14] S. N. Rebec, T. Jia, C. Zhang, M. Hashimoto,
D.-H. Lu, R. G. Moore, and Z.-X. Shen,
Phys. Rev. Lett. 118, 067002 (2017).
[15] R. Fuchs and K. L. Kliewer,
Phys. Rev. 140, A2076 (1965).
[16] H. Ibach, Phys. Rev. Lett. 24, 1416 (1970).
[17] H. Ibach and D. L. Mills, Electron energy loss spec-
troscopy and surface vibrations (New York: Academic
Press, 1982).
[18] C. Chen, J. Avila, E. Frantzeskakis, A. Levy, and M. C.
Asensio, Nat. Commun. 6, 8585 (2015).
[19] Z. Wang, S. M. Walker, A. Tamai, Y. Wang, Z. Ristic,
F. Y. Bruno, A. De La Torre, S. Ricco`, N. Plumb, M. Shi,
P. Hlawenka, J. Sanchez-Barriga, A. Varykhalov, T. Kim,
M. Hoesch, P. D. C. King, W. Meevasana, U. Diebold,
J. Mesot, B. Moritz, T. P. Devereaux, M. Radovic, and
F. Baumberger, Nat. Mater. 15, 835 (2016).
[20] S. Zhang, J. Guan, X. Jia, B. Liu, W. Wang, F. Li,
L. Wang, X. Ma, Q. Xue, J. Zhang, E. W. Plummer,
X. Zhu, and J. Guo, Phys. Rev. B 94, 081116 (2016).
[21] P. A. Thiry, M. Liehr, J. J. Pireaux, and R. Caudano,
Phys. Rev. B 29, 4824 (1984).
[22] M. Liehr, P. Thiry, J. Pireaux, and R. Caudano, J. Vac.
Sci. Technol. A 2, 1079 (1984).
[23] L. Kesmodel, J. Gates, and Y. Chung,
Phys. Rev. B 23, 489 (1981).
[24] A. Baden, P. Cox, R. Egdell, A. Orchard, and
R. Willmer, J. Phys. C 14, L1081 (1981).
[25] T. Conard, L. Philippe, P. Thiry, P. Lambin, and
R. Caudano, Surf. Sci. 287, 382 (1993).
[26] E. Evans and D. L. Mills, Phys. Rev. B 5, 4126 (1972).
[27] A. Damascelli, Z. Hussain, and Z.-X. Shen,
Rev. Mod. Phys. 75, 473 (2003).
[28] A. A. Lucas and M. Sˇunjic´, Prog. Surf. Sci. 2, 75 (1972).
[29] J. L. Servoin, Y. Luspin, and F. Gervais,
Phys. Rev. B 22, 5501 (1980).
[30] J. Galzerani and R. Katiyar, Solid State Commun. 41,
515 (1982).
[31] E. Evans and D. L. Mills, Phys. Rev. B 7, 853 (1973).
[32] H. Ibach, Surf. Sci. 299, 116 (1994).
[33] A. A. Lucas and M. Sˇunjic´,
Phys. Rev. Lett. 26, 229 (1971).
[34] P. Lambin, J. Vigneron, and A. Lucas, Comput. Phys.
Commun. 60, 351 (1990).
[35] R. Matz and H. Lu¨th, Phys. Rev. Lett. 46, 500 (1981).
[36] See Supplemental Material at [url] for details of electron
energy loss calculation in Fig. 3, STO phonon parame-
ters used in calculation, theoretical electron energy loss
spectra of Nb-doped STO as well as monolayer FeSe and
thicker metallic surface overlayers on STO, and the en-
ergy losses in ARPES of the single-layer FeSe/STO as a
function of the wavevector close to M point, photon en-
ergy and measurement in different Brillouin zones, tem-
perature and oxygen isotope effect, and also the pho-
toelectron energy losses on single-layer FeSe/BTO and
FeSe/TiO2 systems, which includes Refs. [46–49].
[37] C. H. Perry, B. N. Khanna, and G. Rupprecht,
Phys. Rev. 135, A408 (1964).
[38] J. D. Axe, Phys. Rev. 157, 429 (1967).
[39] A. S. Barker, Phys. Rev. 145, 391 (1966).
[40] A. S. Barker and M. Tinkham,
Phys. Rev. 125, 1527 (1962).
[41] S. Zhang, J. Guan, Y. Wang, T. Berlijn, S. Johnston,
X. Jia, B. Liu, Q. Zhu, Q. An, S. Xue, Y. Cao, F. Yang,
W. Wang, J. Zhang, E. W. Plummer, X. Zhu, and
J. Guo, Phys. Rev. B 97, 035408 (2018).
[42] P. Cox, R. Egdell, S. Eriksen, and W. Flavell, J. Electron
Spectrosc. Relat. Phenom. 39, 117 (1986).
[43] S. Moser, L. Moreschini, J. Jac´imovic´, O. S. Bariˇsic´,
H. Berger, A. Magrez, Y. J. Chang, K. S. Kim,
A. Bostwick, E. Rotenberg, L. Forro´, and M. Grioni,
Phys. Rev. Lett. 110, 196403 (2013).
[44] R. Yukawa, K. Ozawa, S. Yamamoto, H. Iwasawa,
K. Shimada, E. F. Schwier, K. Yoshimatsu, H. Kumi-
gashira, H. Namatame, M. Taniguchi, and I. Matsuda,
Phys. Rev. B 94, 165313 (2016).
[45] Q. Song, T. Yu, X. Lou, B. Xie, H. Xu, C. Wen, Q. Yao,
S. Zhang, X. Zhu, J. Guo, R. Peng, and D. Feng,
arXiv:1710.07057 (2017).
[46] F. Gervais, J.-L. Servoin, A. Baratoff, J. G. Bednorz,
and G. Binnig, Phys. Rev. B 47, 8187 (1993).
[47] A. Ohtomo and H. Hwang, Nature 427, 423 (2004).
[48] W. G. Spitzer, R. C. Miller, D. A. Kleinman, and L. E.
Howarth, Phys. Rev. 126, 1710 (1962).
[49] A. Lucas and J. Vigneron, Solid State Commun. 49, 327
6(1984).
